MIA/CD-RAP (melanoma-inhibiting activity/cartilage-derived retinoic acid-sensitive protein) was cloned as a secreted protein from human melanoma cell lines (1, 23) and independently by differential display comparing differentiated and dedifferentiated chondrocytes (8) . MIA/CD-RAP is secreted from malignant melanomas and chondrosarcomas and expressed in many adenocarcinomas, including those responsible for colorectal and breast cancers (3) (4) (5) . Recent evidence indicates an important role in tumor progression and metastasis, since MIA/CD-RAP mediates the detachment of melanoma cells from extracellular matrix molecules such as fibronectin (22) . MIA expression levels closely parallel the capability of melanoma cells to form metastases in syngeneic animals (6, 11) , and increased levels in serum have been used as a reliable and clinically useful marker to detect and monitor metastatic disease in patients with malignant melanomas (3, 20) .
Recently, the three-dimensional structure of MIA/CD-RAP has been determined by multidimensional nuclear magnetic resonance spectroscopy (22) and determined independently by X-ray crystallography (14) . The corresponding data indicate that MIA/CD-RAP defines a novel family of secreted proteins which adopt an SH3 domain-like fold in solution. Furthermore, nuclear magnetic resonance spectra revealed that MIA interacts with peptides matching type III human fibronectin repeats which are closely related to ␣4␤1 integrin binding sites (22) . These data support a model in which MIA/CD-RAP regulates attachment to specific components of the extracellular matrix.
In nonneoplastic tissues, MIA/CD-RAP expression is activated at the beginning of chondrogenesis throughout cartilage development (4, 8) , and in vitro, it is a specific marker for chondroid differentiation. Cartilage damage due to rheumatoid arthritis releases MIA/CD-RAP from the chondroid matrix and can be monitored clinically by enhanced MIA/CD-RAP in serum (17) . Based on its highly restricted activity (2), the MIA/CD-RAP promoter was used to study transcriptional mechanisms mediating chondrocyte differentiation. A 2,251-bp fragment of the murine MIA/CD-RAP 5Ј-end-flanking sequence contains all known functionally important trancriptional regulatory elements, including melanoma-associated transcription factor (10), AP-2, and Sox9 binding sites (19, 25, 26) , and was sufficient to confer tissue-specific expression in vivo. Expression of a LacZ reporter under the control of the 2,251-bp MIA/CD-RAP promoter was observed exclusively in cartilage and transiently in embryonic mammary buds (27) . These data suggested that MIA/CD-RAP may be functionally important for cartilage differentiation and for specific morphogenetic events during embryogenesis involving invasive growth.
To study the consequences of MIA/CD-RAP deficiency in vivo, we inactivated the gene by targeted germline mutation. Data described in this study indicate that MIA/CD-RAP function is required for the highly ordered fibrillar ultrastructure of cartilage but may be redundant in other tissues.
MATERIALS AND METHODS

Construction of the MIA-targeting vector and generation of gene-disrupted mice.
A murine 129Sv genomic DNA library in lambda FixII was screened with a MIA cDNA probe, and two phages were isolated. A 10-kb fragment of one phage insert contained all four MIA exons and was subcloned into pBluescript. The C-terminal half of exon 2 and all of exons 3 and 4 were deleted by replacing a 1.7-kb NarI fragment with a PGK-neo selection cassette. The plasmid was linearized with NotI and electroporated into R1 embryonic stem cells. Transfection and culture conditions have been described previously (16) . Briefly, embryonic stem cells were cultured on irradiated mouse embryonic fibroblasts in the presence of 1,000 U of leukemia inhibitory factor (Gibco BRL)/ml and selected with 400 g of G418 (Gibco BRL)/ml. A total of 240 neomycin-resistant clones were picked, expanded, and analyzed from genomic XbaI-digested DNA by Southern blotting. An external probe comprising a 1.3-kb genomic XbaI-EcoRI fragment of the MIA gene locus was used to identify the 11.8-kb wild-type allele and the 5-kb mutated allele.
For routine genotyping of the MIA breeding pairs, genomic-tail DNA was prepared and analyzed by PCR. The primer pair to amplify the wild-type allele was MIA-wt sense (5Ј-ATC CTA TCT CCA TGG CTG TGG-3Ј) and MIA-wt anti (5Ј-GCC ACT TTT GAT GGT TTG CTG G-3Ј). The primer pair to amplify the targeted allele was MIA-ko anti (5Ј-CCC ATC AGC CTC ACC GTA GGT-3Ј) and PGK-polyA down (5Ј-CGT CTC TTT ACT GAA GGC TCT TT-3Ј).
Cell culture. Chondrocytes were isolated from the sternums of heterozygous and MIA-deficient mice by digestion with hyaluronidase, collagenase, and DNase. Cells were cultivated in Dulbecco modified Eagle medium (DMEM) supplemented with penicillin (100 U/ml), streptomycin (10 g/ml) (Sigma, Deisenhofen, Germany), and 10% fetal calf serum (Gibco BRL) in a humified atmosphere of 5% CO 2 at 37°C and split 1:2 at 80% confluence. To induce redifferentiation, cells were treated with transforming growth factor ␤ for 4 days.
RNA isolation and RT-PCR. For reverse transcription-PCR (RT-PCR), total cellular RNA was isolated from three cryosections of each embryo (100 m) or from cultivated chondrocytes with an RNeasy kit (Qiagen, Hilden, Germany). The integrity of the RNA preparations was controlled on a 1% agarose-formaldehyde gel. The reverse transcriptase reaction was performed in a 20-l reaction volume containing 2 g of total cellular RNA, 4 l of 5ϫ first-strand buffer (Gibco BRL), 2 l of 0.1 M dithiothreitol, 1 l of the dN 6 primer (10 mM), 1 l of the deoxynucleoside triphosphates (10 mM), and diethyl pyrocarbonate-water. The reaction mix was incubated for 10 min at 70°C. Then, 1 l of Superscript II reverse transcriptase (Gibco BRL) was added and RNAs were transcribed for 1 h at 37°C. Subsequently, reverse transcriptase was inactivated at 70°C for 10 min and RNA was degraded by digestion with 1 l of RNase A (10 mg/ml) at 37°C for 30 min. cDNAs were controlled by PCR amplification of ␤-actin. MIA was amplified by PCR with specific primers, resulting in a 311-bp fragment (mMIA for [5Ј-CTG GCT GAC CGG AAG CTG TG-3Ј] and mMIA rev [5Ј-GCT ACT GGG GAA ATA GCC C-5Ј]). Next, TANGO, OTOR, MIA2, and type I and II collagens were amplified. PCRs were performed in a 100-l reaction volume containing 1 l of cDNA, 10 l of 10ϫ PCR buffer, 1 l of the deoxynucleoside triphosphates, 1 l of each primer, and 1 l of Taq polymerase (Roche, Mannheim, Germany). The amplification reactions were performed with 30 repetitive cycles of denaturing for 1 min at 94°C and annealing for 1 min at 58°C and a final extension step at 72°C for 1.5 min. The PCR products were resolved on 1.8% agarose gels.
ISH. In situ hybridization (ISH) to paraffin-embedded mouse hindlimbs on day 1 postnatalis (p.n.) was performed as described previously (15) using 33 Plabeled sense and antisense cRNA riboprobes (4). Briefly, proteinase K-pretreated slides (10 g/ml) were acetylated in acetic anhydride diluted 1:400 in 0.1 M triethanolamine (pH 8) and hybridized overnight in 50% formamide-10% dextran sulfate-10 mM Tris (pH 8)-10 mM NaP i (pH 7)-2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-5 mM EDTA (pH 8)-150 g of tRNA/ ml-10 mM dithiothreitol-10 mM ␤-mercaptoethanol supplemented with 5 ϫ 10 4 cpm of 33 P-labeled sense or antisense riboprobes/l at 50°C. Finally, slides were washed twice in 50% formamide-2ϫ SSC-20 mM ␤-mercaptoethanol, digested with RNase A (20 g/ml) for 30 min at 37°C, and then washed again three times with the same washing buffer for 30 min each at 50°C. Following dehydration, slides were coated with Kodak (Rochester, N.Y.) NTB2 emulsion and exposed for 8 to 10 days.
Skeletal staining. Skeletal staining of whole mouse embryos was performed 15.5 days postcoitum as described previously (24) . In brief, whole embryos were fixed for 5 days in 95% ethanol and transferred to acetone for 2 days. Staining was performed with 0.005% alzarin red S-0.015% alcian blue 8GS-5% acetic acid-90% ethanol for 3 days at 37°C. Samples were washed in H 2 O and cleared for 2 days in 1% KOH, followed by clearing steps in 0.8% KOH-20% glycerol, in 0.5% KOH-50% glycerol, and in 0.2% KOH-80% glycerol for 1 week each. Cleared skeletons were stored in 100% glycerol and photographed.
Western blots. Three cryosections of each embryo (100 m) were lysed in 200 l of radioimmunoprecipitation assay buffer (Roche), and protein concentrations were determined using the bicinchoninic acid protein assay reagent (Pierce, Bonn, Germany). Twenty micrograms of protein per lane was denatured at 94°C for 10 min after the addition of Roti load buffer (Roth, Karlsruhe, Germany) and subsequently separated on 4 to 20%-gradient sodium dodecyl sulfate-polyacrylamide electrophoresis gels. After we transferred the proteins by Western blotting onto polyvinylidene difluoride membranes (Bio-Rad, Richmond, Calif.), the membranes were blocked in 3% bovine serum albumin-phosphate-buffered sa- VOL. 22, 2002 MIA KNOCKOUT MICEcoupled to alkaline phosphatase (Roche) was used as secondary antibody. Staining was performed with BCIP (5-bromo-4-chloro-indolylphosphate)-nitroblue tetrazolium tablets (Sigma). MIA ELISA. MIA expression was measured by a one-step enzyme-linked immunosorbent assay (ELISA) of the lysates of the mouse embryos. Two monoclonal antibodies (MAbs) directed against 14-meric N-terminal and C-terminal peptides (MAb 1A12 and MAb 2F7; Roche) were raised and conjugated to horseradish peroxidase and biotin, respectively. Twenty microliters of lysate was coincubated with biotinylated MAb 2F7 and horseradish peroxidase-conjugated MAb 1A12 in streptavidin-coated 96-well plates for 45 min. After the wells were washed three times with phosphate-buffered saline, 200 l of ABTS solution (2,2Ј-azino-di-[3-ethylbenzthiazoline sulfonate(6)]; Roche) was incubated in the wells for 30 min and measured colorimetrically at a wavelength of 405 nm. By using standard concentrations of recombinant MIA purified from stably transfected CHO cells, we measured linear signals at MIA concentrations between 0.1 and 50 ng/ml.
Immunohistochemistry. Paraffin-embedded preparations of newborn wild-type and MIA Ϫ/Ϫ mice were immunostained with collagen type I-and type II-specific antibodies using the avidin-biotin complex method (LSAB2 kit; DAKO, Hamburg, Germany). The tissues were deparaffinated, rehydrated, and subsequently incubated with primary MAbs (both diluted 1:100; ICN) overnight at 4°C. The secondary antibody supplied with the kit was incubated for 30 min at room temperature. Antibody binding was visualized with 3-amino-9-ethylcarbazole solution (for the LSAB2 kit). Finally, the tissues were counterstained with hematoxylin.
Electron microscopy. The articular cartilage of the femoral and tibial portions of the knee joints of control and null mice were chemically fixed in an aqueous solution of glutaraldehyde (2.5%) in 0.1 M sodium cacodylate buffer (pH 7.4). Following fixation at room temperature over 2 days, postfixation was started with a 1% osmium tetroxide solution (sodium cacodylate buffer, pH 7.4) over a period of 4 h at room temperature and then over 20 h at 4°C. Thereafter, specimens were washed four times in isotonic sodium cacodylate buffer (0.1 M; pH 7.4) and dehydrated through a graded series of ethanol starting at 70% (vol/vol) over a total time period of 3 h. Thereafter, embedding was initiated in Epon 812 with polypropylene oxide-Epon mixtures over a period of 9 days. Polymerization was performed at 60°C over 1 week. One-micrometer semithin sections for light microscopic examination were cut with a Leica Ultracut S microtome and stained with toluidine blue 0. Thin sections were cut on the same instrument at a thickness of about 60 nm and stained with uranyl acetate and lead citrate according to standard protocols (12, 13) .
Pericellular-territorial and interterritorial matrix compartments were analyzed separately. Matrix compartments were defined as described previously (9) .
RESULTS
Previously, we isolated genomic clones from the mouse strain 129Sv and provided a detailed characterization of the murine genomic structure (4). The gene encompasses four exons that are 229, 134, 111, and 88 bp in length and codes for an export signal and a mature polypeptide of 107 amino acids. We used NarI sites within exon 2 and downstream from exon 4 to replace a large portion of the gene by a neo selection cassette (Fig. 1A) . As a result, the mutated MIA allele codes for a small, N-terminally truncated polypeptide of only 57 amino acid residues. Based on our previous determination of the three-dimensional structure in solution, this truncation leads to inactivation of the protein, as structurally required ␤ sheets of the SH3 fold and an essential disulfide bond required for protein stabilization in solution are disrupted (22) . Genotyping of neomycin-resistant stem cell clones was performed by Southern blotting with a genomic probe hybridizing to the 11.8-kb XbaI wild-type fragment and the 5-kb mutated fragment (data not shown). For routine genotyping of mouse tail DNAs, two PCRs specific for the wild-type and mutated alleles were designed. Primers are indicated schematically in Fig. 1A , and a representative gel resulting from wild-type, heterozygous, and homozygous mutant mice is shown in Fig. 1B . MIA Ϫ/Ϫ mice were born at the expected Mendelian frequency, were fertile, and showed no phenotypic abnormality based on macroscopic inspection and histological examination of the internal organs by light microscopy. To verify the absence of functional MIA/CD-RAP mRNA and protein in MIA-deficient mice, we performed ISH and RT-PCR and quantitated MIA protein from whole-embryo extracts by means of an ELISA (3). Our results show the absence of MIA mRNA expression in articular cartilage of postnatal mice ( Fig. 2A) and the absence of mRNA and protein ( Fig. 2B and C were not upregulated in MIA-deficient embryos (Fig. 2B) . Shown are a homogenous distribution of fine collagen fibrils in the compartments close to the cell surface (A) and the high variation in the density of fibrils as well as in fibrillar diameters (B). The images in panels C and D are taken further away from cells in the interterritorial matrix compartments. In heterozygote mice (C), a more homogenous fine fibrillar collagen network is identifiable, whereas in knockout mice (D), the fibril diameters vary considerably in size as well as in fibrillar density and the architecture is more irregular. Magnification, ϫ28,900.
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Because specific MIA/CD-RAP expression patterns were described to occur in cartilage, melanocytic cells, and breast bud development, we analyzed these tissues in further detail. The histological morphology of breast tissue (data not shown) and the function of the lactating glands were unaffected by the mutation, since MIA Ϫ/Ϫ mothers were able to feed and raise their offspring normally. Also, immunohistological staining of skin biopsies recovered at day 4 p.n. with a tyrosinase-specific antibody indicated normal morphology, location, and numbers of melanocytes in the dermis. Taken together, these data suggest that MIA/CD-RAP expression is redundant or not required for normal development of mammary glands and melanoblast migration and differentiation. Recently, we observed overlapping patterns of expression of two novel homologs of the emerging MIA gene family, MIA-2 and TANGO (unpublished observations). It is therefore possible that MIA/CD-RAP function in these tissues is compensated for by the structurally related proteins MIA-2 and TANGO. Skeletal preparations of E15.5 wild-type and knockout animals revealed normal development and gross morphology of the skeletal system, indicating undisturbed chondrogenesis and regular enchondral and desmal ossification (Fig.  3A) . In addition, light microscopic examination of histological slides stained with hematoxylin, eosin, and alcian blue and analysis of MIA/CD-RAP expression by ISH revealed no pathological alteration in hyaline or fibrous cartilage ( Fig. 2A and data not shown). Immunhistochemical stainings of tibia and femur sections showed identical patterns of type II collagen distribution and the absence of type I collagen in MIA/ CD-RAP-deficient and wild-type cartilage (Fig. 3B) . Further expression of type X collagen and aggrecan remained unchanged in knockout mice compared to that of wild-type littermates (data not shown).
However, more detailed examination of articular cartilage obtained from knee joints of 8-month-old animals by transmission electron microscopy revealed distinct ultrastructural abnormalities in MIA Ϫ/Ϫ mice. Thin sections were examined in a Hitachi 7000-B electron microscope and systematically analyzed in the superficial third, the middle third, and the lower third of the articular cartilage tissue. Electron micrographs were taken at four different magnifications in order to analyze cell shapes, sizes, and cytoplasmatic organelle density. At intermediate magnifications, we assessed organelle structure as well as matrix compartment architecture, and at high magnifications, we studied the collagen fibrillar architecture in cartilage matrix compartments.
As shown by representative electron micrographs in 4, increased sizes and irregular arrangement of fibers were observed in MIA/CD-RAP-defective cartilage. In both the pericellular-territorial and interterritorial matrix compartments, we detected significant irregularities in collagen fiber density, diameter, and arrangement, as well as changes in the number and morphology of chondrocytic microvilli. A detailed overview of electron microscopic findings is summarized in Table 1 .
To test the intrinsic ability of cultivated MIA/CD-RAP-deficient cells to undergo cartilaginous differentiation, dedifferentiated chondrocytes were redifferentiated in vitro by treatment with transforming growth factor ␤ for 4 days. Redifferentiation was determined by RT-PCR for collagen type II and the absence of collagen type I expression. As illustrated in Fig. 5 , no difference was observed with respect to collagen expression patterns between MIA/CD-RAP-deficient and heterozygous cells.
DISCUSSION
Recent studies of MIA/CD-RAP indicate that the protein adopts an SH3 domain-like fold in solution and is secreted from melanoma cells to modify attachment to extracellular matrix molecules (14, 21, 22) . Although MIA/CD-RAP expression closely parallels chondrocytic differentiation both in vivo and in vitro, its function in cartilage remains unclear. Here, we provide the first evidence that a nonredundant MIA/CD-RAP function is required for the highly ordered ultrastructural fiber architecture in hyaline joint cartilage. In addition, we observed changes in the number and morphology of chondrocytic microvilli, suggesting alterations in cell-matrix interactions. Therefore, we speculate that specific interactions between the MIA/CD-RAP SH3 domain-like fold and cartilage matrix molecules contribute to the organization of the cartilaginous ultrastructure but are not required to trigger the differentiation program in vitro. Because we did not detect any obvious matrix degeneration in the articular cartilage even of older mice at the age of 18 months, further studies after enhanced mechanical stress exposure will be required to investigate whether the architectural defects observed in MIA knockout mice predispose them to osteoarthritis.
Very recently we detected that MIA/CD-RAP belongs to a family of four homologous and evolutionarily conserved proteins, MIA/CD-RAP, OTOR/MIAL (7, 18), MIA-2, and TANGO (Bosserhoff et al., submitted), which are expressed in numerous different tissues. Since all four proteins are structurally conserved SH3 domain-like proteins, it can be assumed that, like MIA/CD-RAP, these proteins are soluble in serum and are widely distributed in the organism. Further analyses of the phenotypes of mice with double, triple, and quadruple defects will be required to assess whether partial redundancy between these genes exists.
